Introduction
Monoclonal antibodies hold enormous promise as anti-cancer therapeutics due to their ability to harness the immune system for attack of a highly specific target cell population. Identification of tumor-specific antigens has revolutionized cancer therapy, with »40 antibodies currently approved and over 300 antibodies undergoing clinical development. [1] [2] However, while therapeutic antibodies have proved efficacious as molecularly targeted cancer therapies, they are generally administered in combination with chemotherapy due to limited clinical efficacy as monotherapy. 3 Immune effector cells are critical to the efficacy of anti-cancer antibodies through a number of mechanisms including antibodydependent cell-mediated cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP), and priming of antigen-specific T cells through cross-presentation of tumor antigens. 1, 4 Phagocytosis is partially regulated by SIRPa, a protein expressed on the surface of phagocytic cells, including macrophages and dendritic cells. 5 The interaction of SIRPa with its ligand, CD47, a widely expressed transmembrane protein, transmits a "don't eat me" signal by initiating signaling cascades that ultimately inhibit phagocytosis. [6] [7] [8] [9] Increased expression of CD47 has been detected on acute myeloid leukemia stem cells (AML LSC), multiple subtypes of B cell non-Hodgkin lymphoma (NHL), and many human solid tumor cells. [10] [11] [12] [13] CD47 plays an important role in cancer pathogenesis, as increased expression on tumor cells permits evasion of phagocytosis.
14 This mechanism can be therapeutically modulated with monoclonal antibodies targeting CD47 or recombinant SIRPa proteins that disrupt the CD47-SIRPa interaction. 10, 15, 16 Therapeutic agents that antagonize the CD47-SIRPa interaction present a unique opportunity to enhance the efficacy of cancer-targeting therapeutic antibodies. Since CD47 blocking antibodies enable phagocytosis by blocking an inhibitory signal, therapeutic synergy can be achieved by combining CD47 blockade with a pro-phagocytic signal elicited by an Fc receptor (FcR)-activating antibody. 17 Such synergy was demonstrated through combination of blocking anti-CD47 antibody with rituximab, an approved anti-CD20 antibody known to engage FcRs. 11, 18 Further evidence of synergy was provided by the demonstration of enhanced trastuzumabmediated killing of breast cancer cells upon blockade of the CD47-SIRPa interaction with antibodies directed against CD47 or SIRPa. 19 Most recently, synergistic induction of phagocytosis was observed between high affinity SIRPa monomers that antagonize CD47 and tumor-specific monoclonal antibodies including trastuzumab, rituximab, and cetuximab. 15 Collectively, these studies highlight the potential for synergistic elimination of cancer cells by adding a CD47-SIRPa blocking component to existing antibody therapies.
Bispecific antibodies (BsAbs) are an emerging class of antibody therapeutics that exhibit specific binding to 2 different antigens. [20] [21] Many formats of BsAbs have been engineered using recombinant approaches, including IgG-like BsAbs that contain an Fc domain. These BsAbs are desired for many clinical applications because the intact Fc region supports effector functions and confers a long serum half-life. A unique feature of BsAbs is the potential for bispecificity to afford stronger binding to dual antigen-expressing cells relative to single-antigen cells as a result of multivalency leading to higher avidity interactions. This potential has been extensively proposed, but there are few successful examples. [22] [23] [24] [25] Bispecific fragments directed against different epitopes within the same antigen exhibit increased binding, but avidity in these cases is likely dependent upon conformational changes of the antigen. [26] [27] [28] Improved tumor localization was observed with a BsAb targeting ErbB2 and carcinoembryonic antigen, but avid BsAb binding to single antigen-expressing cells indicated a lack of selectivity for dual antigen-expressing cells. 29 Similarly, improved tumor targeting was reported with a BsAb targeting ErbB2 and ErbB3. 30 Notably, both of these BsAbs exhibiting some selectivity for dual antigen-expressing cells were small recombinant BsAb fragments that did not contain an Fc domain. Thus far, IgG-like BsAbs capable of selectively binding dual antigen-expressing cells have not been described.
Attempts to induce phagocytosis through blockade of CD47-SIRPa signaling with either blocking antibodies or recombinant SIRPa proteins have shown promise, but these strategies fail to address the issue of selective targeting of tumor cells. Expression of CD47 on normal tissues may create an 'antigen sink' that prevents anti-CD47 therapeutic antibodies from reaching intended tumor cell targets in vivo. One strategy to circumvent this issue is to employ BsAbs with reduced affinity for CD47 that retain the ability to block the CD47-SIRPa interaction, but require binding to a second tumor antigen for high affinity binding. We hypothesized that such BsAbs targeting CD47 and CD20 would direct CD47-SIRPa blockade specifically to cells that co-express CD20, an established therapeutic target in NHL. 31 Moreover, we hypothesized that such BsAbs would recapitulate the therapeutic synergy observed with anti-CD47 and anti-CD20 combination therapy. Here, we tested these hypotheses by generating BsAbs specific for CD47, with reduced affinity, and CD20, and investigated their binding specificity and functional effects against human NHL.
Results
Bispecific antibodies targeting CD47 and CD20 bind to each antigen alone BsAbs were generated using the dual-variable-domain immunoglobulin (DVD-Ig) format that introduces the variable domains from the heavy and light chains of one antibody onto the amino termini of the respective chains of a second antibody through an amino acid linker ( Fig. 1A; Fig. S1 ). 32 Variable domains in the internal position of DVD-Ig molecules often exhibit reduced affinity for their target antigens compared to the parental antibodies. 33 We sought to take advantage of this reduced affinity by engineering the anti-CD47 variable domains into the internal position. Two variants of CD20-CD47 DVD-Igs were generated with either a short (SL) or long (LL) linker sequence between the variable domains. Co-transfection of the heavy and light chains of each DVD-Ig led to the production of a single IgG-like species, with expected molecular weights for each chain (Fig. 1B) . The increased size of each chain relative to the parental antibodies is reflective of the additional variable domain on each chain, and is consistent with previously reported molecular weights for DVD-Ig chains. 32 Size exclusion chromatography confirmed that the CD20-CD47 DVD-Ig molecule was produced as a single species with no detectable aggregate formation (Fig. S2) .
BsAbs were evaluated for their ability to bind to antigenexpressing cells using a rat cell line engineered to express human CD20 or, separately, human CD47. Binding of each BsAb to CD20 was comparable to the binding of parental anti-CD20 antibody (Fig. 1C ) Both BsAbs also bound to CD47, but with compromised affinity relative to the parental anti-CD47 antibody (Fig. 1C ) Notably, CD20-CD47 LL exhibited stronger binding to CD47 than CD20-CD47 SL, presumably due to improved accessibility to antigen.
To quantitatively determine the affinity of each antibody for monomeric CD47, binding affinities were determined using surface plasmon resonance (SPR) with Biacore ( Fig. 1D; Fig. S3 ) The affinity of CD20-CD47 LL was reduced » 15-fold, while the affinity of CD20-CD47 SL was reduced 20-fold relative to anti-CD47 . (Fig. 1D) The increased affinity observed with the CD20-CD47 LL relative to CD20-CD47 SL is indicative of the greater flexibility and accessibility to antigen allowed by the longer linker, and is consistent with reported data for the DVD-Ig format. 33 The epitope recognized by the 2B8 anti-CD20 clone is dependent upon the conformation of a loop structure that is created between transmembrane domains, and is therefore not possible to mimic with a recombinant fusion protein for use in SPR studies. [34] [35] To assess the strength of BsAb binding to the CD20 antigen on the cell surface, rat cells engineered to express human CD20 were stained with test antibodies prior to staining with a fluorescently conjugated anti-CD20 antibody generated from the same 2B8 clone (Fig. 1E) . Both BsAbs blocked the fluorescent anti-CD20 signal with an identical pattern as observed with the anti-CD20 parental antibody, indicating a comparable affinity. The reciprocal experiment was conducted using cells engineered to express human CD47 and fluorescently conjugated anti-CD47 antibody (Fig. 1F) , and only the parental anti-CD47 blocked binding of labeled anti-CD47 antibody. Given the ability of the BsAbs to bind these cells in the absence of competition with anti-CD47 antibody (Fig. 1C) , the lack of blocking with the BsAbs is indicative of a weaker interaction with CD47 that is outcompeted by labeled anti-CD47. 
Simultaneous binding to CD47 and CD20 contributes to BsAb binding to cells
We next wanted to address whether a single BsAb molecule could simultaneously bind to both antigens. Cells expressing CD20 but not CD47 were coincubated with test antibodies and complexes containing the recombinant biotinylated CD47 antigen bound to neutravidin-fluorescent conjugates. Antibody binding to cells was then detected by flow cytometry with a secondary antibody, and double positive live cell events indicated simultaneous binding to CD20 and CD47 ( Fig. 2A) . CD20-CD47 SL and CD20-CD47 LL were capable of simultaneous binding to both antigens, with CD20-CD47 LL demonstrating more double-positive events, consistent with its greater affinity for CD47 ( Fig. 2B; Fig. S4 ). Having demonstrated that both BsAbs are capable of binding Figure 2 . Simultaneous binding to CD47 and CD20 contributes to BsAb binding to cells: (A) Schematic of experimental design to detect simultaneous binding to CD20 and CD47. Biotinylated CD47 antigen was linked to a fluorescent (DyLight 650) neutravidin tetramer, which was co-incubated with unlabeled test antibody and CD20CCD47-YB2/0 cells. Test antibody binding was detected by staining with PE-conjugated anti-human secondary antibody. PECDyLight 650C live cells indicate simultaneous binding of antibody to both antigens. (B) Double positive events were detected by flow cytometry and represent simultaneous binding to CD47 and CD20. ****p < 0.0001, t test, (n D 6), error bars § SEM. (C) CD20CCD47C Raji cells were incubated with the indicated primary antibodies at 10 mg/ml prior to staining with 10 mg/ml AF647 anti-CD47. MFI of the AF647 signal was determined by flow cytometry and all test antibodies were compared to isotype control. ***p < 0.001; ns, not significant, t test, (n D 4), error bars § SEM. (D) CD20CCD47C Raji cells were incubated with the indicated primary antibodies at 10 mg/ml prior to staining with 10 mg/ml DyLight 488 anti-CD20. MFI of the DyLight 488 signal was determined by flow cytometry and all test antibodies were compared to isotype control. ***p < 0.001; ns, not significant, t test, (n D 4), error bars § SEM.
simultaneously to each antigen in trans, we next sought to determine if simultaneous binding occurred in the context of antigens expressed on the cell surface. This is particularly important as the BsAbs retain a high affinity to CD20 (Fig. 1E ) that could potentially drive BsAb binding to dual-antigen cells independent of CD47 binding. Raji cells, a human lymphoma cell line that expresses both CD20 and CD47, were stained with test antibodies prior to staining with fluorescently conjugated parental anti-CD47 (Fig. 2C) . Anti-CD47 and both BsAbs completely blocked the subsequent binding of fluorescent anti-CD47, indicating that these antibodies bound to CD47 (Fig. 2C) . The reciprocal experiment demonstrated binding of BsAbs to CD20 on dual antigen-expressing Raji cells (Fig. 2D) . Collectively, these data demonstrate that CD20 and CD47 each contribute to BsAb binding to dual antigenexpressing cells.
CD20-CD47 SL selectively binds to dual antigen-expressing cells in the presence of an 'antigen sink'
A major reason for generating BsAbs targeting CD20 and CD47 is to achieve the therapeutic benefit of blocking the CD47-SIRPa interaction on tumor cells while avoiding a potential 'antigen sink' created by normal cells expressing CD47. Red blood cells (RBCs) are a likely candidate for an antigen sink as they are abundant, accessible to antibody in the bloodstream, and highly express CD47, which is involved in RBC clearance. 36 To determine whether BsAbs selectively bind dual antigenexpressing cells in the presence of excess CD47-only expressing cells, CD20CCD47C tumor cells were labeled with CFSE and mixed with a 20-fold excess of unlabeled RBCs prior to incubation with antibody (Fig. 3A) . Cells from 2 patients with B cell chronic lymphocytic leukemia (B-CLL) were used as dual antigen cells in this assay because high expression of CD47 has been observed in this tumor type (Fig. 3B) .
11 To determine the relative strength with which each antibody bound to each cell type, events were gated by cell type and antibody binding was assessed. BsAbs, as well as the control anti-CD47 and anti-CD20, bound to tumor cells, whereas only anti-CD47 and CD20-CD47 LL bound appreciably to RBCs (Fig. 3C) . Importantly, CD20-CD47 SL did not bind strongly to RBCs, indicating that reduced affinity for CD47 successfully reduced binding to RBCs. To determine whether each antibody preferentially bound to tumor cells or RBCs, cells within the PE-positive gate were discriminated as either CLL (CFSEC) or RBC (CFSE-). The majority of cells bound by anti-CD47 and CD20-CD47 LL were RBC (Fig. 3D) . In contrast, anti-CD20 and CD20-CD47 SL bound preferentially to tumor cells (Fig. 3D) . To confirm that BsAbs were engaging CD47 on tumor cells, the ability of the antibody to block subsequent binding of labeled anti-CD47 was determined as in Figure 2C (Fig. 3A) . Both BsAbs blocked staining with this antibody, indicating that the BsAbs were binding to the CD47 antigen on tumor cells (Fig. 3E) . Similar findings were observed with Raji cells (Fig. S5) . Notably, at a lower concentration, both BsAbs blocked the labeled anti-CD47 more completely than anti-CD47 (Fig. S5) , suggesting that antibodies capable of dual binding to both antigens exhibit higher avidity binding to Raji cells than antibody that bound to CD47 alone.
BsAbs induce phagocytosis of target cells in an FcRdependent manner and recapitulate the synergy of antibody combinations
We hypothesized that CD20-CD47 BsAbs would enable phagocytosis of tumor cells as a result of blocking the CD47-SIRPa interaction and engaging FcRs on macrophages. To test this, CD20CCD47C CFSE-labeled cell lines were coincubated with unlabeled human macrophages in the presence of different antibodies, and phagocytosis of target cells was assessed by flow cytometry. Antibodies directed against CD47 or CD20 induced significant phagocytosis relative to the baseline level observed with isotype control antibody (Fig. 4A) . Both BsAbs recapitulated the synergy of anti-CD47 and rituximab combination treatment and increased phagocytosis relative to treatment with anti-CD47 alone in most cell lines tested.
To explore whether FcR interactions contributed to the pro-phagocytic effect of the BsAbs, phagocytosis was measured in the presence of inhibitors of FcR binding. All antibody-mediated phagocytosis was potently inhibited by preincubation with a cocktail of FcR-blocking anti-CD16 and anti-CD32 antibodies, indicating a requirement of FcR interaction for induction of phagocytosis by the BsAbs (Fig. 4B) .
CD20-CD47 SL reduces lymphoma burden and extends survival in vivo
We opted to pursue CD20-CD47 SL as our lead candidate for in vivo studies because its reduced affinity for CD47 successfully reduces binding to the CD47-expressing antigen sink (Fig. 3) . To test the in vivo therapeutic potential of CD20-CD47 SL, we utilized localized and disseminated human NHL models that we previously described. 11 To model localized disease, NSG mice, which lack T, B, and NK cells but retain phagocytic cells, 37 were transplanted subcutaneously with luciferase-expressing Raji cells. Upon establishment of engraftment, mice were administered daily antibody treatments. Anti-CD47 antibody and rituximab alone each decreased lymphoma burden (Fig. 5A-B) and marginally extended survival relative to control mice (Fig. 5C) . As we previously reported, the combination of anti-CD47 and rituximab eliminated detectable lymphoma and led to long-term disease-free survival (Fig. 5A-C) .
11
Strikingly, CD20-CD47 SL recapitulated the effect of combination therapy and significantly prolonged survival relative to mice treated with either anti-CD47 or rituximab alone (Fig. 5A-C) . Similar findings were observed in a disseminated lymphoma model, in which 3 different doses were tested in order to identify conditions with DVD-Ig serum levels comparable to rituximab (Fig. S6) . This was best achieved with 1 mg of DVD-Ig and 200 micrograms of rituximab (Fig. S6) . Notably, the improved outcome with CD20-CD47 SL relative to anti-CD47 or rituximab in both models occurs despite lower serum levels of CD20-CD47 SL (Fig. 5D-E) 
Discussion
We report here the generation of BsAbs that target CD47 along with CD20 and recapitulate the benefits of combination antibody treatment within a single molecule. Specifically, we established a BsAb format that exhibited reduced affinity for CD47 relative to the parental anti-CD47 antibody, permitting selective binding to dual antigen-expressing cells in the presence of a large antigen sink. Moreover, our CD20-CD47 BsAb was able to simultaneously bind to both antigens and retain the therapeutic benefit of tumor cell phagocytosis. Importantly, the CD20-CD47 SL BsAb was able to recapitulate the in vivo therapeutic synergy obtained through combination of anti-CD47 and rituximab. Together, these results establish BsAb targeting of CD47 along with a tumor antigen as a viable strategy for directing the synergistic benefits of combination therapy specifically toward tumor cells.
CD47-mediated activation of SIRPa signaling results in inhibition of phagocytosis, and reagents that antagonize this interaction are potential therapeutics that act by enabling phagocytosis. 17, 38 Importantly, CD47-targeting agents have the potential to augment existing antibody therapies by adding the benefit of blocking the CD47-mediated inhibitory signal to the established therapeutic effect of pro-phagocytic anticancer antibodies. We originally tested this hypothesis using rituximab, an FcR-activating prophagocytic antibody, in combination with a blocking anti-CD47 antibody, and observed synergistic phagocytosis and elimination of human NHL in vivo. 11 This synergy mechanism was further demonstrated with several approaches to disrupt CD47-SIRPa interactions resulting in increased antibody-mediated elimination of melanoma cells in vivo and enhanced trastuzumab-mediated ADCC in vitro. 19 Notably, interference of the CD47-SIRPa interaction with F(ab')2 fragments of anti-CD47 synergized with trastuzumab, but had no effect alone, suggesting a requirement in this setting for an Fc domain in addition to CD47-SIRPa blockade for cancer cell elimination. In agreement with these findings, a third study showed that high affinity SIRPa variants increased phagocytosis when presented as Fc fusion proteins, but failed to effectively induce phagocytosis in monomeric form or when expressed as dimers lacking Fc domains. 15 Interestingly, this property allowed SIRPa monomers to function as adjuvants to increase the efficacy of the tumor-specific monoclonal antibodies trastuzumab, rituximab, and cetuximab. 15 While our in vivo experiments demonstrate potent antitumor efficacy with CD20-CD47 SL that is comparable to combination therapy, they do not address the issue of selectivity in the presence of an antigen sink as CD20-CD47 SL does not cross-react with mouse CD47. One approach to test this hypothesis would be to create transgenic mice that express human CD47 in all cells, but such a strain is not currently available. Alternatively, immunocompromised mice could be engrafted with human hematopoietic cells prior to engraftment with tumor cells and antibody treatment. However, this approach does not lead to engraftment with RBCs that are the primary physiological antigen sink, and mice do not maintain human RBCs after transfusion (data not shown). 39 In light of these limitations, the most feasible approach to test this hypothesis would be to create a CD20-CD47 SL DVD-Ig using VH and VL from an anti-CD47 antibody that cross-reacts with mouse CD47. While this reagent may provide insight in proof-of-concept studies, prior observations with DVD-Ig molecules using different antibodies targeting the same antigen demonstrate that binding properties are empiric to each DVD-Ig. 33 Thus, findings from such a molecule would not necessarily extrapolate to the CD20- Figure 4 . BsAbs induce phagocytosis of target cells in an FcR-dependent manner and recapitulate the synergy of antibody combinations: (A) Phagocytosis of CD20CCD47CCFSEC cell lines by donor-derived human macrophages was assessed by flow cytometry. All antibodies were used at a final concentration of 10 mg/ml. Anti-CD47 is B6H12-mIgG1. The assay was performed with macrophages derived from 3 independent donors. The percentage of CFSEC macrophages was normalized to the maximal response for each donor. ****p < 0.0001; ***p < 0.001; **p < 0.01; ns, not significant versus anti-CD47 by one-way ANOVA, (n D 9), error bars § SEM. (B) J774 mouse macrophage cells were pre-incubated with anti-CD16/anti-CD32 to block Fc receptors. Macrophages were co-incubated with CD20CCD47CGFPC Raji cells and the indicated antibodies at 1 mg/ml. Anti-CD47 is B6H12-mIgG1. The percentage of GFPC macrophages was determined by flow cytometry and was normalized to the maximal response in each of 2 independent experiments. ns, not significant; ****p < 0.0001, t test, (n D 6), error bars § SEM. and stop (day 21) of treatment. Immobilized antibody directed against the human or mouse Fc region was used to capture the treatment antibodies from mouse serum prior to detection with HRP-conjugated antibody against the human or mouse kappa light chain of the treatment antibodies. Standard curves using known concentrations of antibodies were used to derive the serum levels. Antibody concentration is represented as mM of anti-CD20 F(ab')2 (left) or as mM of anti-CD47 F(ab')2 (right).
www.tandfonline.com 953 mAbs CD47 SL that we have developed. Given these limitations, the in vitro systems that we have used represent the best available strategy to test the hypothesis that CD20-CD47 SL avoids an antigen sink presented by human blood cells that would be prohibitive to combination therapy. Importantly, these experiments demonstrate that CD20-CD47 SL, by nature of its reduced affinity for CD47, binds poorly to RBC (Fig. 3) and this property suggests a potential advantage over combination therapy.
The CD20-CD47 SL BsAb developed here is a potential therapeutic for NHL, where targeting of CD20 via rituximab is an established therapy and co-expression of CD20 and CD47 has been reported. 11 Our demonstration of the use of a BsAb in the DVD-Ig format to achieve highly selective tumor targeting while retaining CD47 binding is proof of principle for future CD47 targeted therapies that incorporate other tumor antigens. For example, we have demonstrated that BsAbs with similar reduced affinity for CD47 relative to parental antibody can be generated in the DVDIg format targeting CD47 and CD33, an antigen expressed on AML cells, thus illustrating the adaptability of this approach to other antigen pairs. (Fig. S1 ) In addition to its high expression on NHL and AML, CD47 expression has been observed on most human solid tumor types evaluated, including ovarian, bladder, colon, brain, breast, and hepatocellular carcinoma. 10, 12 There are clinically approved therapeutic antibodies for many of these cancer types, in addition to many other antibodies in clinical development that could be used to construct DVD-Igs. 40 We feel it is likely that the approach described here can be used to enhance the specificity and efficacy of most anti-tumor antigen antibodies that engage Fc receptors including trastuzumab, cetuximab, and others. Ultimately, we anticipate that BsAb targeting of CD47 along with tumor-associated antigens will be a viable therapeutic strategy for preferentially inducing the phagocytosis of tumor cells that can be broadly applied to cancer.
Materials and Methods
Bispecific antibody construction and production The VH and VL of 2B8, huM195, or B6H12.2 were synthesized using custom gene synthesis (MCLAB). [41] [42] [43] Each VH and VL was subcloned into the pCEP4 mammalian expression vector (Invitrogen) containing the human CH1 or CK genes, respectively, to create the heavy and light chain for expression of B6H12-hIgG1 (anti-CD47), 2B8-hIgG1 (anti-CD20), or huM195-hIgG1 (anti-CD33). To create BsAbs in the DVD-Ig format, the amino terminus of each B6H12 variable domain was fused to the carboxyl terminus of each 2B8 (or huM195) variable domain by overlapping PCR. A linker separating each variable domain was introduced into the PCR primers in this process. The short linker (SL) and long linker (LL) on the light chain are TVAAP and TVAAPSVFIFPP, respectively. On the heavy chain, the SL was ASTKGP and the LL was ASTKGPSVFPLAP. These linkers are derived from the amino termini of human CH1 and human Ck chains. Plasmids containing each chain were co-transfected into Freestyle 293 cells using 293 Fectin (Invitrogen). Antibody was purified from expression media on Protein A Sepharose (GE Healthcare Lifesciences), dialyzed against PBS, and analyzed by 10% SDS-PAGE (Invitrogen) under reducing and non-reducing conditions followed by Coomassie Brilliant Blue staining. Purified antibody was quantified by A280.
Therapeutic antibodies
Rituximab (anti-CD20, human IgG1) was obtained from the Stanford University Medical Center, mouse IgG was purchased from Innovate Research, and B6H12.2 (anti-CD47, mouse IgG1) was described previously. 10 
Cell lines
The YB2/0, Raji, Daudi, Ramos, ST486, and J774 cell lines were obtained from American Type Culture Collection. Raji cells expressing modified firefly luciferase and eGFP were described previously.
11 YB2/0 cells were engineered to stably express human CD20 cDNA (Genecopoeia) using an engineered transposable element.
44 YB2/0 cells were engineered to stably express human CD47 by lentiviral transduction with virus generated from human CD47 cDNA (Open Biosystems) in the pCDH backbone (System Biosciences).
Biacore SPR-based measurements were performed by Biosensor Tools, LLC with a Biacore 2000 instrument. A CM5 sensor chip was coated with an anti-human capturing agent prior to capture of anti-CD47, CD20-CD47 SL, or CD20-CD47 LL. The CD47 antigen was a His-tagged monomer containing the epitope for B6H12 to allow for affinity measurements in the absence of avidity contributions. The antigen was injected over reaction matrices in a 3-fold dilution series. Each sample was injected across the antibody surface for 460 seconds. The association and dissociation rate constant, ka (M¡1s¡1) and k d (s¡1), respectively, were monitored and a K D value was determined.
Xenograft models
Mice were maintained in a barrier facility under the care of the Stanford Veterinary Services Center and handled according to protocols approved by the Stanford University Administrative Panel on Laboratory Animal Care (APLAC protocol number 22264). 1 £ 10 6 luciferase-labeled Raji cells were injected intravenously into the tail vein or subcutaneously into the hind flank of 6 to 10 week old NOD.Cg-PrkdcscidII2rgtm1Wjl/SzJ (NSG) mice. Mice were monitored for engraftment via bioluminescent imaging and daily intraperitoneal injections of 200 mg mouse IgG control, anti-CD47, rituximab, or anti-CD47 antibody C rituximab (200 mg each) were administered for 3 weeks (intravenous model) or 2 weeks (subcutaneous model). Mice treated with CD20-CD47 SL were administered 300, 500, or 1000 mg antibody to account for the increased molecular weight and reduced serum levels of the DVD-Ig molecule relative to conventional antibodies. Mice were monitored with weekly bioluminescent imaging analysis and were followed for overall survival. Luciferase imaging analysis was performed as described previously.
11
Human samples Normal human peripheral blood and salvage red blood cell product were obtained from the Stanford Blood Center. Mononuclear cells were prepared from leukocyte reduction system (LRS) chambers using Ficoll-Paque Plus (GE Healthcare). Human CLL samples (Fig. 3B) were obtained from patients at the Stanford Medical Center with informed consent, under Stanford IRB # 6453. 
